Geological carbon dioxide (CO 2 ) storage in deep geological formations can only lead to significant reductions in anthropogenic CO 2 emissions if large amounts of CO 2 can be stored. Estimates of the storage capacity are therefore essential to the evaluation of individual storage sites as well as the feasibility of the technology as a whole. One important limitation on the storage capacity is the lateral extent of the pressure perturbation, the radius of review of the storage project. We show that pressure dissipation into ambient mudrocks retards lateral pressure propagation significantly and therefore increases the storage capacity. For a three-layer model of an aquifer surrounded by thick mudrocks the far-field pressure is well approximated by a single-phase model. Through dimensional analysis and numerical simulations we show that the lateral pressure propagation follows a power-law that depends on a single parameter M ~ log 10 (R k R S R l 2 ), where R k and R S are the ratios of mudrock to reservoir permeability and storativity and R l is the aspect ratio of the confined pressure plume. Both the coefficient and the exponent of the power-law are sigmoid decreasing functions of M. The M-values of typical geological storage sites are in the region where the power-law is changing rapidly. The combinations of large uncertainty in mudrock properties and the sigmoid shape lead to wide and strongly skewed probability distributions for the predicted radius of review. Therefore, the determination of the mudrock properties is an important component of the site characterization, if pressure dissipation has the potential significantly increase storage capacity. After injection the pressure will continue to diffuse and the radius of review may continue to increase, which will emphasize the significance of monitoring post-injection overpressure to secure the stability of the storage formation.
Introduction
The viability of a CO 2 storage project hinges on how much of the CO 2 can be injected into the storage formation, i.e. its storage capacity. Thibeau and Mucha [2011] argue that pressure buildup is the primary control on the storage capacity and the far-field pressure buildup that results from the displacement of formation fluids cannot be mitigated by the addition of injectors within the same field. Therefore, the farfield pressure perturbation may be an important constraint on the overall storage capacity and requires the definition of a radius of review r f for a geological CO 2 storage site. Thornhill et al. [1982] radius of review as the area in which injection-induced overpressure above the pressure cutoff may cause migration of the injected or pre-existing formation fluids into potable groundwater resources. Birkholzer et al. [2011] define the pressure cutoff as the minimum value above which the sustained migration of formation fluids into the potable aquifer is induced. On the geomechanical aspect, the hydraulic fracturing of the sealing unit can limit the maximum injection-induced overpressure ranging between 3.5 and 8MPa/km [Thibeau and Mucha, 2011] . For a typical reservoir at a depth of 1.5km the pressure cutoff is in the range from 0.1MPa to 10MPa, and we choose an intermediate value of 1MPa in the example calculations. Commonly, CO 2 storage studies focus only on the target reservoir because low-permeability mudrocks prevent vertical CO 2 migration due to high capillary entry pressure. However, most regional aquifers are not closed and also the overlying and underlying mudrocks are not perfectly impervious [Neuzil, 1994; Dewhurst et al., 1999] , and pressure buildup caused by injection may partially dissipate into and through these units. The vertical pressure communication between layers mostly depends on the vertical permeability and storativity of the seals [Domenico and Schwartz 1998; Hovorka et al., 2001; Hart et al., 2006; Zhou et al., 2008; Birkholzer et al., 2009; Chadwick et al., 2009] . Figure 1 shows the values of R k and R S used in the previous studies of hydraulic pumping and CO 2 storage. We can see that the ratios R k and R S for CO 2 storage sites vary by 6 and 3 orders of magnitudes respectively. This suggests that current CO 2 injection sites shown in Figure 1 span the range of almost no dissipation of overpressure to a considerable dissipation into the mudrocks and may undergo a large range of possible reservoir responses to injectioninduced overpressure. The effect of mudrocks, however, on the lateral pressure propagation in the storage remains poorly understood. We perform a scaling analysis and a simulation study of the simplified layered model to provide a pressure history. This study aims to quantify the effect of pressure dissipation into ambient mudrocks on Figure 1 . The data of Rk and RS from the previous studies of pressure diffusion in a layered system for hydraulic pumping and geological CO2 storage. The diagonal lines represent the same ratio of hydraulic diffusivities Dm/Ds the lateral pressure propagation, the radius of review, and the storage capacity as a function of the petrophysical parameters of both layers, the thickness of the reservoir, and the injection rate and duration.
Model problem
We focus on far-field pressure necessary to define the radius of review. Nicot et al. [2009] argues that at late times and large distances the pressure disturbance created by the single and two-phase injection will be similar, and therefore we can use the single-phase pressure in this study.
Governing equation
Chang et al.
[201x] describe the governing equation and the scaling analysis for pressure diffusion in a layered system. They shows that the pressure propagation within the reservoir surrounded by permeable and compressible mudrocks is governed by three independent governing dimensionless parameters defined as
In heterogeneous media, the one-dimensional pressure diffusion equation, in which we can define hydraulic diffusivity D, cannot be rearranged to introduce D m /D s ~ R k /R S as a dimensionless parameter. The model properties are summarized in Table 1 , and the reference cases for the application of the results are defined using physical properties from the CO 2 injection sites: In Salah (Krechba, Algeria), Frio (TX, USA), and Cranfield (MS, USA). We do not reproduce the particular conditions at these sites, and therefore we refer to them below as In Salah-type, Frio-type, and Cranfield-type sites or reservoirs.
Limiting radial solution
If w r and either R k or R l approaches zero, the problem reduces to the solution of Thesis [1935] . Previous studies of pressure diffusion have suggested that the self-similarity between r and t can explain the propagation of the pressure front in the radial semi-infinite domain [Van Poolen, 1964; Talwani and Acree, 1984] . The radial distance to the pressure front from a source, the radius of review, is given by
In the limit of p/p c 0.05 the coefficient approaches 1.5 at which p/p c is not considered to be an independent parameter. Below we show that dissipation into ambient mudrocks affects this first order Properties Figures 2 Figure 3 Mudrock
Var scaling-law for the lateral propagation of the pressure pulse. Although the propagation follows a powerlaw in all cases, the coefficient and more importantly the exponent decreases with increasing dissipation.
Numerical results
We performed numerical simulations of the model using numerical grids that are highly refined near the boundary of the reservoir as shown in Figure 2 (a) to resolve the strong pressure gradient typical for this problem, as in the pressure field shown in Figure 2 (b). Before considering the full problem governed by all three parameters, we illustrate the effect of pressure dissipation on the power-law by varying R k while keeping R S and R l fixed. Figure 2 (c) shows how increasing mudrock permeability allows pressure dissipation and reduces the speed of lateral pressure propagation. To quantify these dissipative losses, we assume a general power-law for the pressure propagation as f r t .
( 3 ) The coefficient and the exponent are functions of R k , R S , and R l . In the limit of impermeable surrounding layers, approaches 0.5 and approaches . To analyze the effect of each parameter on the pressure evolution, we performed 480 simulations for a parameter study varying R k from 10 -8 to 10 -2 , R S from 10 0 to 10 2 , and R l from 10 2 to 10 3 . We define the location of the pressure front using a pressure cutoff p/p c ~ 0.01 so that ~1.5. Both and decrease with increasing R k , R S , and R l because the attenuation of overpressure is due to either the high permeability of the mudrock (large R k ) or the high storativity of the mudrock (large R S ) or due to a large aspect ratio of pressure plume and hence a large surface area across which overpressure can leak into the mudrock (large R l ). Figure 3 shows that the contour surfaces of both and form a set of parallel planes in the three-dimensional logarithmic parameter space, which implies that the power-law for pressure propagation depends on a single dissipation parameter defined by the normal to these planes. The normal (n k , n S , n l ) is (0.41, 0.41, 0.82). We define a dissipation parameter M that will collapse the three variables into a single one:
where (x 0 , y 0 , z 0 ) is the arbitrary origin set to the minimum values of the governing parameters (-8, 0, 2) in this study. Figure 4 
Application and discussion

Estimating the radius of review and the storage capacity
Sample calculations of the radius of review are performed for CO 2 injection with constant rate of 10Mt of CO 2 per year for 30 years, assuming CO 2 density g is 600kg/m 3 at P = 16MPa and T = 60 C [Bachu, 2003] . Using the data of each reservoir and the information of the injection operation as shown in Table 3 , we can evaluate the M-value using equation (4) as well as and . Then the radius of review is given by
The Theis solution (2) gives the upper limit of the radius of review, r f,max , which regards ambient mudrocks as perfectly closed boundaries. If pressure dissipation into the ambient mudrock is included, the use of r f,max overestimates the radius of review up to 25% for a In Salah-type reservoir and 58% for a Friotype one. The Cranfield-type reservoir surrounded by highly permeable and compressible mudrocks results in a large reduction of the radius of review, which may require nonlinear geomechanical models that account for changes in storativity with increasing deformation. Even in the first two cases, the reduction in the radius of review is large enough to significantly increase the storage capacity. Solving the following nonlinear equation, we can estimate the maximum injection period t max at which the pressure front approaches the given r f,max and the amount of injected CO 2 G inj [Gt] given by ,max max max
The results confirm that permeable and compressible mudrocks provide a larger storage capacity of the reservoir. The In Salah-type reservoir with the lowest M-value is the least affected by the ambient mudrocks, but the storage capacity is reduced by 46%, if an impermeable and incompressible mudrock is assumed. For a reservoir with a larger M-value, the assumption of incompressible mudrocks underestimates the storage capacity up to 74% for a Frio-type reservoir Figure 4 shows that the M-values for all three sites are in M 4). The combination of the large variability in the mudrock properties illustrated in Figure 1 with the sensitive dependence of the power-law on M introduces large uncertainty to any estimate of the radius of review and the storage capacity. To illustrate this uncertainty, we generate 4000 values of k m and S m from a lognormal distribution around the preferred values with a standard deviation of either 0.25 or 1. The resulting distributions of M-values (M-distribution) are shown in Figures 4(d) and (e). The top row of Figure 5 shows the distributions of the predicted radius of review (r f -distribution), given a fixed injection volume and injection rate. The location of the M-distribution relative to the transition zone of the sigmoidal curves for and determines the range and the skew of the r f -distribution. The distribution becomes wider but it is shifted as the variance in the mudrock properties increases. For the same variance in mudrock properties the uncertainty in the r f -prediction is larger for the Frio-type site, because the Mdistribution is located in the center of the transition zone where the power-law for the lateral pressure propagation is a strong function of M. The bottom row of Figure 5 shows the distributions of the predicted storage capacity (G inj -distribution), given a fixed radius of review and a fixed injection rate. The shape of the G inj -distribution depends on the solutions of the nonlinear equation (6) and is more difficult to interpret. Again the uncertainty in the G in j -estimate increases with increasing variance in mudrock properties making uncertainty for the Frio-type site higher. Both of the distributions are centered on the mean and strongly skewed towards higher values. This simple analysis illustrates the complexity in estimating the uncertainty of the radius of review or the storage capacity. In particular, estimates based on the mean physical properties of the mudrock may be good guide, if the storage capacity has to be evaluated for a given radius of review, because the maximum of the G injdistribution is close to the estimate based on the mean. In contrast, estimates based on the mean physical properties of the mudrock may not be a good guide, if the radius of review has to be evaluated for a desired storage capacity and if the uncertainty in mudrock properties is large, because the maximum of the r f -distribution may be unrelated to the mean estimate.
Uncertainty due to mudrock properties
Volume of the displaced fluid due to injection
The injection of CO 2 causes an increase in the storage formation pressure which will induce the displacement of the pre-existing brine in the formation as well as leakage of the brine into the ambient mudrock. In our single-phase flow model, we can calculate the amount of the fluid in each layer using following equations 
where V i [m 3 ] is the volume of the fluid. The volume fraction of the total injected fluid that has been displaced into the mudrock f V
Figure 4(c) shows that f V data also collapse into a single line as a function of M. The value of f V increases with M because more fluids will be displaced into more permeable (larger R k ) and more compressible (larger R S ) mudrocks surrounding a thinner reservoir (larger R l ).
Evolution of post-injection pressure
The pause of CO 2 injection will cause injection-induced overpressure diffuse throughout the whole reservoir. Therefore, the radius of review may continue to increase even after the end of injection. Figure  6 shows the propagation of the far-field pressure front during and after injection with time. During injection (left side of Figure 6 ), the pressure front propagates with the power-law. After injection (right side of the Figure 6 ), the pressure front within the sandstone reservoir propagates further up to 32% and requires 20 times more time to reach the maximum radius of review. This result implies that the monitoring of injection-induced overpressure after the injection operation is essential to secure the stability of the storage formation. As show in Figure 6 , more permeable mudrocks reduce the radius of review up to 96% due to the dissipation of more overpressure into the mudrock, which implies that we need to characterize the ambient mudrock carefully to determine the threshold pressure for the failure of the formation. 
Conclusions
This study shows that the lateral propagation of the overpressure due to CO 2 injection is significantly reduced by dissipation into ambient mudrocks. Numerical simulations show that the lateral spreading of the pressure front with time in the sandstone reservoir follows a power-law even with attenuation of overpressure into the ambient mudrock. The coefficient and the exponent in the power-law are governed by a single dissipation parameter M ~ log 10 (R k R S R l 2 ). Both and are sigmoid decreasing function of M. The ratio of hydraulic diffusivities D m /D s ~ R k /R S does not describe the lateral pressure propagation in a layered system.
A compilation of physical mudrock properties used in recent studies of geological CO 2 storage shows large variability in the three governing parameters and hence in the dissipation parameter M. The Mvalues of typical geological storage sites are in the region where the power-law is changing rapidly. In combination with large uncertainty in mudrock properties this leads to wide and strongly skewed probability distributions for the predicted radius of review and storage capacity. Therefore, the characterization of the physical properties of the mudrock is an important component of the evaluation of a geological CO 2 storage site. Figure 6 . The location of the pressure front during and after injection. We vary only Rk and the time to pause the injection is indicated by a dash line.
After the end of injection, the injection-induced overpressure will continue to diffuse, which may continue to increase the radius of review. More dissipation of overpressure into mudrocks will reduce the maximum radius of review. Therefore, the effect of pressure dissipation into the ambient mudrocks should be considered in simulation studies of geological CO 2 storage that aim to determine the pressure evolution during as well as after injection.
